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A STUDY OF LIMITER DAMAGE IN A MAGNETIC FIELD ERROR REGION OF THE ZT-4CB4 EXPERIMENT

1.

H. Makowi:z*, Consultant to CTR-2

Los Alamos National Laboratory, Los Alamos, New Mexico 87545

A study has been initiated of material plasma interactions on the ZT-40M, Reversed Field Pinch
(RFP) plasma physics confinement experiment at Los Alamos National Laboratory. Observations of
the evaporation and cracking of TiC coatings, initially placed on
1imiter,

an AXF-5Q Graphite mushroom
installed in a high field error region (e.g. an experimental vacuum VeSSel /liner POrt)

were investigated. A parametric study was performed of the thermal and stress behavior of the
limiter and coating materials undergoing plasma m?terial heat exchange pro~esses, in order to
infer the magnitude of heat flux necessary to explain the observed material damage. In addition
the vacuum (liner) wall material behavior was studied parametrically using the same heat flux
values as the limiter study. A one-dimensional conduction model was used with applied heat and
radiation boundary conditions, for predicting temperature distributions {n space and time, where
the thermal stress was calculated using a restrained in bending only plate model. wall loadings
corresponding to first wall, limiter energy fluxes ranging between 1 x 102 U/cmz and 1 x 105
W/cmZ were used as parameters with plasma material interaction times (TQO) between 0.5 ms and
10 ms. Short plasma energy deposition time (IQ > 10 ms) spatial and time hlstorles of
temperature and ! , lnconel-625,stress were calculated for SS- 04 TiC and AXF-5Q Graphite
materials. The parametric study indicates that for r o -6 ms a wall loading of ● 1 x 10” U/Ct112

resul:s in the melting of Inconel and SS-304 first wal~ material and a loading of< 5 ~~ 10” W/cmz
results in the melting of TiC and Graphite. For :nconel, stresses in excess of the tensile
itrenath occur for On areater 1 x 103 W/cmZ. The same is true for SS-304. For Graphite AXF-50
the-t; ns{le-strengthui; exceeded
parametric results calculated it
5 E 10” Hlcmz was observed over
the model considc, ed is relevant

O!sCUSsl~N

A parametric study was performed

; time scale of 5
to the phenomenon

for Qo’~ 1 x 10* W/cmz. From the observations of d~mage and the
can be inferred that an energy flux of 1 * 10’ U/cmz ~ 00 L

ms s t,,~s 10 ms in the field error re~ion, if

us{ng the

TASS I computer code. This code was developed

for system study purposes, and hence due to

its general nature was not optimized for the

problcm presently Lelng analyzed. The phys{ct

model used consisted of a flat plate exposed

to a heat flux 00 for time t, with radiation

bourriary Conditlcns for both surfaces, to Twl

an(i T
W2

:he surface temperatures of the inner

and outer walls relative to the limlter/first

wall surface. lhc basic equdtlon, [q. (1), is

forn,~latcd In dimensionless form, [q. (2), and

subject to a stabil Ity and convergence

criterion, Eq. (3). The boundary conditions,

— .—.--— —

Eqs. (4) and (5), are formulated in

dimensionless form, Eq. (8) and Eq. (9). The

thermal stress model used, Eq. (10), is solved

using Simpson’s rule, Eq. (11), for a gfven

temperature distribution at tfm? t.

Convergence and stability analysis, for low

power cases, indlciitcd that for Ionq time

(--10 s)cases a time step of U.2ms and a

spa(:ial mesh size of 15 nodes/linear cm were

sufficient. Finer mesh and smaller time steps

were used where necessary for short times (~

10 ins). In general, an {:curacy of f.J3-15t is

expected. For wall Ioadtngs in excess of

1 n 10* w/cm?, smaller AX and At values were

uted when necessary.

‘On leave of absence from B\$ookhaven National Laboratory at the [nstitltc for Fusion Studies,
Austin, Texas.
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and

If
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Then for Eq. (4)
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itilortl~l ,fl *O, and where A “

AI/{ AX)2.

A :! ■ > A Stable and Converged Solution . (3)

and for~q. (5)

Ata*~,
‘I+l,n ● ‘I,n



Thermal stress mGdel plate restrained in

bending only:

‘YY ‘ ’22 ■ 1%1“1
1 C T(x.t)dxj ,+~!o

where E = Youngs Modulus (pSl) ,

a: Coeff. of Thermal Expansion (°C-L) ,

v ~ Poisson’s Ratio .

Calculated using Simpson’s rule:

2.

~ven T(MI + T(hl+ l)] . (11)+ 40~dT(M) + 2 L

PARA14E1P1C STUDY RESULTS SUhU4ARY

The parameter study was carried out for a

wide range of I.)Ovalues, between 1 m 102 H/cmz

and 1 x 105 U/cm2i A summary of short time (C

10 ms) results is pre~l,ted in Fig. 1. It can

bc seen from the figure that a wall loading of

1 , , , , , ~ ‘—-’ “--’- .. .. . . 1

L.
?00!7 .-, 0,.1 . Io’wl. mp

.—— It@@ *V”,,, IIW. IW?[), ,14*

‘0”01------------””--’- ‘.-’ n‘“’w”m’

. 1 x lob U/cm2 results in melting of Inconel

and SS first wall material and loading of = 5

x 104 H/cm2 result in melting of TiC Ind

Graphite. Thermal material properties are

sunvnarized on Tables 1 through IV.

TABLE 1. INCONEL-625

k ■ 0.2523 U cm-l ‘C-l

CP
■ 0.4102 J/(gm°C)

P ■ 8.44 g/cm3

a ~ 16.20 x 10-6 cm/cm/°C

Ym ■ 23.1 E 106 pSi ( 1400°F )

‘ratio ■ 0.329 (140L1°F)

‘melt ■
1288 - 13490C

TABLE 11. SS-304

k=

CP ■

D“

a .

Ym ■

‘ratio ■

‘melt m

0.2232 H cm-l ‘C-l

0.5023 J/(v°C)

8.005 g/cm3

18.54 * 10-6 cm/cmj °C

22.8 M 106 psi

0.32

15(.)LF3C

TABLE 111. GRAPIIITE

1.2098 U cm-i ‘C-i

0.8372 J/(gm°C)

1.8 q/cm3

7.7 R 10-6 cm/cm/°C

1,6 . 1U6 PSI

0.15

(Iuouoc)

(Ioouoc)

AXF-5Q

k=

CP ■

II .

a .

Ym =

Pratio .

‘melt - 3550%

Tsubl = 3367%

Tvap ‘ 41127°C (Iloillng Point)

Ax = 2.Jfl/6 cm

hx(lhonnocouple) - 0.3175 cm
FIGuntl I

lemporature versus time behoviori



k=

CP ■

0=

a m

Ym ■

‘ratio ■

‘melt ■

‘boil =
AX ~

TABLE IV. TiC PROPERTIES

0.440 U cm-l ‘C-l (1273°K)

0.8833 J/(qm°C)

4.93 @cm3

d,6 x lLI-6cm/cm/°K

61 x 106 PSI (1273°K)

0.20

3140 ?!9CI’JC

4820°C

2(JM 10-6 m (thickness)

Thermal stress analysts for Inconel ,

SS-3U4, Graphite, and TiC was performed as a

function of Q. for 10 ms and 1 ms energy

deposition times. Table V llsts the relevant

stress failure parameters for the materials of

interest, where available. For lnconel -625,

stresses in excess of the tensile strength

occur for 00 greater than~ 1 n 103 H/cmz.

The same Is true for SS-304. For Graphite

AXF-5U, the tenstle strength is ●xceeded for

approximately a 00 of J 1 ~ 10U Wcmz.

3. PIIYSICAL OBSERVATIONS ANO CUNCLUS1ON

A riC coated AXF-5q Graphtt~ mushroom

lfm~tcr, fnstal led fn ● high field error

roglofl (e.g., an axparimental vacuum

vessel/liner port), was examined during and

after a number of ZT-4M discharges, by both

real tim filming (camera) and direct physical

inspection. The damage, Fig. 2, can best be

characterized as evaporation and cracking (see

enlargement, Fig. 3) of the TiC coating. The

relevunt ZT-4w discharge and machine

parameters are listed in Table VI.

Fra the observations of damage and the

parametric resul ts calculated it can be

inferred that an energy flux of 1 m 10U 11/cm2

< Q. c 5 x 10b H/~2 was observed uvcr a time
scale of ! ms c T

an
c 10 ms in the field error

region, if the model considered is relevant to

the phenc+senon in question.
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TADLE VI, zT-4u4 PARANLTEI:S

GRAPHITE MUSIIROOM LIMITER TESTS

qinor plasma radius 0.2 m

MIjor plasma radius 1.14 m

Taroidal current 120-180 kA

Current Pulse Ouration 5-? ms

Fill Pressure 2.0 mlorr

Te (on axis) - 3(XJ ev

%
. 1.5 m lU’9m-3

TADLE V, STRESS MATERIAL PARAMETERS

SS-MJ4 lnconel-625 ~ Graphite AxF-5Q

Y~eld Strength 22,000 psi 42-110 ksi ..... .....

Ultimate Tensile Strength 56,(WO pSi ----- 200 f4Ufm2 -.>-..

Compressiw Strength . . . . . ----- 075 14Nlm~ Ifl,(-lol) p$f

Floxural Strength ----- ..... ..... 12,UUU psi

Tensile Strength ----- 120-lbU ksi . . . . . 8,UUU psi

Tensile Strain to Failure ----- ,----- ..... o.n2



FIGIJRE 2
Gross surface damage of TiC coated
graphite mushroom limiter,

FIGllltt3
Close-up of ){mltur dam~gc. ‘TIC surfcce
cracking I : shown.


